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Introduction
Climate warming increases the abundance of insect herbivores and expands their northern distributions, which will magnify the risks of foliar damage in mid-and high-latitude forests (Wolf et al. 2008; Jepsen et al. 2011) . Anticipated changes in insect communities and intensified risk of defoliation would tend to reduce the annual net primary productivity, NPP (Pinkard et al. 2011; Jacquet et al. 2012 ) and cause a decrease in nutrient turnover rates of different forest types (Ritchie et al. 1998) . For example a massive mountain pine beetle (Dendroctonus ponderosae Hopkins) outbreak dramatically decreased photosynthetic capacity and NPP in coniferous forests of northern America for a decade (Kurz et al. 2008 ). However, the consequences for biomass production depend on the extent to which plants are able to compensate for losses to herbivores. Several studies with trees have demonstrated partial compensation for insect feeding damages (Mattson et al. 2004; Osier and Lindroth 2004; Jacquet et al. 2012; Landhäusser and Lieffers 2012) , whereas some perennial herbaceous plants can even overcompensate for lost foliage (Agrawal 2000; Wise and Abrahamson 2008) . Here the term 'overcompensation' refers to greater re-growth and/or seed production following herbivory than without herbivory.
Plant responses to tissue loss are presumably influenced by evolutionary history and growth form, but also by plant physiological state, environmental conditions and resource availability, including water, CO 2 and nutrients (Rosenthal and Kotanen 1994; Straus and Agrawal 1999; Eyles et al. 2009 ). Indeed, some prominent examples of over-compensative growth have come from experiments where plants were cultivated under conditions that favored their performance (Wise and Abrahamson 2008) . It is possible that the ability of trees to recover from defoliation is improved by global patterns of increasing atmospheric CO 2 and temperature, and modified by concurrent changes in mineral nitrogen availability (Anttonen et al. 2002; Niinemets et al. 2002; Zhang et al. 2006; Riikonen et al. 2010) . For instance, long-term exposure to elevated CO 2 has restored the photosynthetic capacity of defoliated trees to equivalent of that of intact counterparts growing under ambient CO 2 (Handa et al. 2005) . Furthermore, Huttunen et al. (2007) reported that a short-term exposure to elevated temperature and CO 2 caused over-compensation of carbon uptake and biomass growth in defoliated silver birch (Betula pendula Roth) seedlings. However, the concurrent long-term effects of atmospheric warming and increased CO 2 on productivity of trees that have suffered defoliation are still unknown (Pinkard et al. 2011) .
Loss of foliage often changes resource partitioning between above-and belowground parts of plants favoring shoot growth at the expense of root growth; this causes decreases in root: shoot ratios (Markkola et al. 2004) . Removal of foliage increases fine root mortality leading to decreased absorption of nutrients from the soil (Tuomi et al. 1990 ). Moreover, if defoliation stimulates photosynthesis in the remaining or re-sprouting leaves (Handa et al. 2005; Turnbull et al. 2007 ), the consequence may be a disproportionate change in carbon versus nutrient reserves in nutrient limited species as birches (Zhang et al. 2006) . Therefore, an increase in nutrient availability has a potential to improve the ability of birches to compensate growth and recover after severe defoliation (Eyles et al. 2009 ). In fact, fertilization has enhanced the height and biomass growth of previously defoliated silver birch seedlings (Huttunen et al. 2007 ). This is especially relevant because the broad impacts of global change frequently include increased atmospheric deposition of nitrogen (Galloway et al. 2004 ) and accelerated mineralization rates of organic nitrogen in soil (Verburg 2005) . On the other hand, defoliation may weaken the ability of roots to store resources as a result of increased carbon allocation to aboveground organs (Huttunen et al. 2012) . Compromised store reserves may cause delays in leaf emergence and growth resumption in the season following insect outbreak (Tuomi et al. 1989) .
The objective of this study was to examine if previous-year defoliation and different com-binations of elevated temperature, CO 2 and nutrient availability alter the growth of two-year old silver birch seedlings. Earlier, in a similar kind of system, Huttunen et al. (2007; 2008) examined the direct effects of defoliation on the birch seedlings. In the present study, the height and biomass growth of the same birches were quantified to test the following hypotheses: 1. Interactive effects of defoliation, elevated temperature, CO 2 and nutrient availability increase resource investment to the aboveground organs resulting in over-compensation of shoot height and biomass growth. 2. Resource allocation to aboveground organs decreases belowground storage, which is evident as reduced root: shoot ratios in defoliated seedlings. Finland) . Each seedling tray constituted a fertilizer and defoliation treatment combination unit for 24 seedlings. These units were placed in chambers totaling six units per chamber (Fig. 1A) . The climate treatments in chambers included combinations of ambient temperature tracing the natural temperature outside with ambient CO 2 (= 360 parts per million, ppm = µmol mol -1 ; climate 1), ambient temperature with elevated CO 2 (= 720 µmol mol -1 ; climate 2), elevated temperature being 2 °C higher than the ambient temperature with ambient CO 2 (climate 3) and elevated temperature with elevated CO 2 (climate 4). The treatments were designed to correspond to the scenario of an increased temperature and a doubled atmospheric CO 2 concentration in situ eastern Finland (Kellomäki and Väisänen 1997) . Each treatment was replicated in four chambers (Fig. 1B) . The temperature and CO 2 were automatically adjusted at target levels by a computercontrolled heating and cooling system together with a set of magneto-electric valves controlling the supply of pure CO 2 (CO 2 transmitter; GMP 111, Vaisala, Finland, CO 2 control module; ISM 112, Gantner Electronic, Austria). A heat exchanger linked to a refrigeration unit (CAJ-4511YHR, L'Unité Hermetique, La Verpilliére, France) was installed in each chamber. A fan drew unfiltered air into chambers through a duct with airflow rate varying from 0.2 to 0.4 m 3 s -1 . The flow rate was determined periodically depending on the season and weather conditions. Detailed description of the chamber system is provided by Kellomäki et al. (2000) . To reduce the effect of within-chamber variation, the seedling-trays were twice re-positioned during the summer.
Material and methods

Plant material and treatments
In each chamber, the seedling-trays were randomly assigned into two fertilizer treatments, which were 0 and 130 kg nitrogen (N) ha -1 year -1 , or 0 and 63.7 mg N per seedling, respectively. This amount corresponded to the commonly used optimal amount of N applied for 1-year-old birch seedlings in Finnish forest nurseries (Juntunen and Rikala 2001) . Fertilizer was dissolved in water and applied weekly for seven weeks starting in early June. The first three times the fertilizer was Kekkilä , and the following four times, it was Kekkilä SuperX-5 (NPK: 12-5-27). Same quantity of fertilizer, 60.7 mg per seedling containing of 11.5 or 7.3 mg N depending on the fertilizer was applied each time to maintain the prescribed levels of N. To prevent excessive dehydration, all the seedlings were irrigated daily throughout the summer. Detailed description of the different fertilizer treatments and seedling material is provided by Huttunen et al. (2007; 2008) .
Seedlings under each fertilizer and climate treatment combination were allocated to 0, 25, 50 or 75% defoliation. Defoliation at levels of 25 and 50% of total leaf area was carried out twice, on July 1st and 29th, by tearing the corresponding amount from the apical portion of each leaf. The second tissue removal was directed at those leaves that had developed along with height growth after the first tissue removal. Defoliation at the level of 75% of total leaf area was performed once, on July 29th; for the treatment three seedlings were randomly selected among intact seedlings in each fertilizer treatment per chamber. This was done to investigate carbon allocation and accumulation between vegetative and storage organs of the seedlings after late-season defoliation. Further details of defoliation treatments are provided in Huttunen et al. (2007) .
In October 2002, the chamber system had to be disabled because of operating costs. A total of 384 seedlings comprising of 12 seedlings per treatment combination, or three seedlings per treatment combination per chamber were assigned for the second year experiment. All seedlings were dormant; their height growth was terminated, and bud formation and leaf abscission completed. This enabled their outdoor storage in an open shelter (10 m × 10 m, height 1.5 m), which was fenced with chicken wire and covered with a plastic tarpaulin to prevent damage by hares (Lepus timidus L.). Each seedling was positioned at random in the shelter.
Prior to the bud burst in spring 2003, the general condition and height of seedlings was determined. A total of 218 plants suffered from broken stems or had died during the winter, and they were excluded from analyses. The exclusion concerned the entire treatment group of seedlings that were unfertilized, exposed to ambient temperature with ambient CO 2 and defoliated at the level of 75% of total leaf area. The overwintered 166 seedlings comprised of different treatment combinations including 3 to 12 seedlings per combination with mean heights (±standard errors) varying from 17.3 (±2.3) cm to 47.8 (±4.0) cm. These seedlings were transferred to Joensuu (62°40' N, 29°45' E), Finland, and individually transplanted into plastic pots with a volume of 2 dm 3 (15.5 cm in diameter, 13.5 cm in depth). Pre-fertilized commercial peat (1.5 g N kg -1 , VAPO, Vapo Oy, Jyväskylä, Finland) was used as a growth medium to maximize seedling survival after transplanting. The amount of N was considered to be minor compared to the actual N treatment represented later on. During transplanting, the roots were carefully checked. All the seedlings appeared not to suffer from a lack of space, and their roots looked generally normal.
About three weeks after bud burst in early June 2003, seedlings were allocated to environments that corresponded to those at the Mekrijärvi chamber system. Climate 1 (ambient, see above) was in a laboratory greenhouse, and climates 2, 3 and 4 in Conviron chambers (Conviron, Controlled Environments Ltd, Winnipeg, Canada). The separate climate treatments were constant during day and night. Relative humidity of the air was regulated at 70% corresponding to a long-term average of June-September period at Mekrijärvi in 1998-2002. The ambient temperature was adjusted at 20 °C and the elevated temperature at 25 °C. The CO 2 concentration for the ambient treatment was 360 µmol mol -1 , and for the elevated treatment 720 µmol mol -1 . In Conviron chambers, humidity, temperature, and CO 2 regulation was managed by CMP5090 control system keeping the conditions at target levels throughout the experiment. In greenhouse, the regulation was executed by temperature and CO 2 sensor technology connected to thermostats and electric ventilators. The location of seedlings of each environment was changed weekly during the experiment to reduce the effect of within-chamber variation. Fig. 2 illustrates the experimental setup in 2003.
Photon flux density (PFD) in the built environments was measured by LI-COR LI-185B quantum/radiometer/photometer (LI-COR, Lincoln, NE, USA). In Conviron chambers, the PFD was adjusted by data loggers installed inside the chambers. The PFD was automatically tuned at different levels according to the time of day by glow lamps (100 W, 230 V; 48 lamps per m 2 ). The PFD between 06:00 h and 23:00 h was 600 μmol m -2 s -1 . From 23:00 h to 01:00 h and from 04:00 h to 06:00 h, it was 400 μmol m -2 s -1 . Between 01:00 h and 04:00 h, the PFD was 200 μmol m -2 s -1 . From August to September, the PFD was adjusted at 500 μmol m -2 s -1 , and the lamps were on from 07:00 h to 20:00 h. In the greenhouse, PFD followed natural periodicity and was assisted with 18 high pressure sodium lamps (400 W and 230 V; 1.5 lamps per m 2 ) with a PFD of 600 μmol m -2 s -1 . The lamps were switched off at nights and at bright day-light, when the PFD exceeded 600 μmol m -2 s -1 . In the built environments, the PFD did not fully correspond to that prevailing at 62°N; therefore it may have affected the photoperiod of the seedlings. However, the PFD was in the range of saturating irradiance for leaf water conductance in silver birch, which varies between 100 and 800 µmol m -2 s -1 and is dependent on foliage position on the crown (Sellin and Kupper 2005) . Since leaf water transport affects stomata and thus the diffusion of CO 2 , it has an effect on photosynthesis (Sellin and Kupper 2005) . Moreover, saturation point for the photosynthetic PFD in silver birch is around 900 µmol m -2 s -1 ; exceeding this point causes no increase in photosynthesis (Wang et al. 1995) .
During the second year experiment, fertilizer treatments for seedlings were 0 and 100 kg N ha -1 year -1 , or 0 and 49.0 mg N per plant, respectively. Compared with the first year experiment (Huttunen et al. 2007; 2008) , the amount of fertilizer was reduced to minimize the risk of metabolic stress. The fertilizer (Kekkilä Taimi-Superx; NPK: 19-4-20) was dissolved in water, and the solution was given once a week for nine weeks, starting at June 18th. The same quantity of fertilizer, 28.7 mg per seedling containing 5.5 mg N, was applied each time. All the seedlings were irrigated daily with 0.1 dm 3 of water to prevent excessive dehydration.
Measurements
Height of the seedlings was measured weekly until the termination of the experiment in early September. By this time, over 80% of the seedlings had formed apical buds. The height growth of seedlings had started to decelerate earlier, by the end of July.
After the final height measurement, the plants were cut from the root collar, and the shoots were divided into stems including branches and leaves. Five fully grown leaves of each harvested plant were randomly sampled for the leaf area measurement using a portable meter (LI-COR LI-3000, LI-COR, Lincoln, NE, USA). Thereafter all the leaves were dried at 60 °C for 48 h and weighed. The leaf mass per area (SLW, mg mm -2 ) of the individual leaves and the mass of all the leaves were used to estimate the total leaf area of a plant. The roots were carefully cleaned from adhering peat, and dried with stems at 105 °C for 48 h. Then the dry mass of each plant part was determined for calculations of the root: shoot ratios (dry mass of roots: dry mass of stems + leaves).
Statistical analyses
Linear mixed models (the MIXED procedure, SAS 9.3 software, SAS Institute Inc., Cary, NC, USA) were applied to analyze the effects of CO 2 , temperature, fertilization and defoliation and their interactions on the annual height increment (cm), the total biomass (g), the leaf area (cm 2 ) and the root: shoot ratio. Defoliation was treated as a continuous variable. This was done to investigate if increase in defoliation level caused a trend in the response variables. The height of the seedlings at the beginning of the second year experiment (the initial height, IH) was included in the model as a covariate. Due to the split-plot design and a lack of uncorrelated replicates for climate treatments in 2003, the four-way interaction, i.e., CO 2 × temperature × fertilization × defoliation treatment combination was treated as a random effect in all analyses; in this case, defoliation was as a categorical variable. The degrees of freedom for the error terms were computed using the Satterthwaite method. Data were log-transformed to achieve normal distributions and homogeneity of variances for the residuals; the normality and homogeneity were tested using scatter plots and Q-Q plots, where "Q" stands for quantile. The reported results in text and figures are the mean values that are obtained from untransformed data. In text, the standard errors are presented in brackets after the mean values. In figures, the trend lines are based on the least squares means provided by SAS/ MIXED. The relationship between the treatment combinations and the amount of dead seedlings was tested using logistic regression analysis (The LOGISTIC procedure, SAS 9.3).
Results
Seedling exclusion
A total of 218 seedlings (56.8% of all plants) were excluded from the analyses due to broken stems or death during the winter 2002-2003. The exclusion was the highest under the combination of ambient temperature with ambient CO 2 including 64 seedlings (Table 1) . Considerable amount of unfertilized plants or plants that were defoliated at a level of 75% of total leaf area were excluded (Table 1) . However, the differences in the proportion of excluded plants in the climate × fertilization × defoliation combinations were not statistically significant, P = 0.249.
Absolute annual height increment
Irrespective of treatment, the annual height increment in all seedlings varied between 5 cm (absolute minimum) and 76 cm (absolute maximum). Defoliation, temperature and fertilization had signifi- cant main effects on the height gain (P = 0.028, P = 0.006 and P < 0.001, respectively); on average, the plant height increment responded increasingly to elevated levels of temperature, nutrients or defoliation (Fig. 3) . Between treatment combinations, the greatest mean height increment, 55.2 (±5.5) cm, was recorded in seedlings that were subjected to elevated temperature with ambient CO 2 , fertilized and defoliated once at the level of 50% of total leaf area. As a point of comparison, the seedlings that were subjected to the same climate and fertilization treatments, but not defoliated gained an average annual height of 44.3 (±4.4) cm, and seedlings under the same climate treatment without defoliation and fertilization increased their height by 11.6 (±2.1) cm (Fig. 3) . Under ambient temperature with ambient CO 2 , the average annual height growths were the lowest; for example, those seedlings that were intact and not fertilized gained 11.0 (±2.1) cm's growth. Here the height gain was 2.3 cm lower than in their unfertilized counterparts, which were defoliated by 50% of total leaf area (Fig. 3) . Under the same climate treatment, the estimated response in fertilized seedlings to increasing levels of defoliation was negative, although fertilizing typically increased the growth (Fig. 3) .
Biomass, leaf area and root: shoot ratio
Total biomass of all seedlings ranged between 1.7 and 44.3 g dry mass (DW), and was significantly affected by fertilizing or temperature (P < 0.001 and P = 0.008, respectively). In fertilized seedlings, the biomass was approximately 18.3 (±0.7) g DW, while in unfertilized seedlings the mass was less than half, 8.5 (±0.5) g DW. The seedlings that were subjected to elevated temperature treatment, gained a biomass of 14.9 (±0.8) g DW. Exposure to ambient temperature treatment resulted in a lower biomass gain, 12.6 (±0.8) g DW. Total leaf area of all seedlings varied between 73 (absolute minimum) and 2569 cm 2 (absolute maximum), and was significantly affected by fertilizing (P < 0.001). The leaf area was more than double in fertilized compared with unfertilized seedlings; 989.1 (±45.4) cm 2 vs. 429.5 (±24.6) cm 2 , respectively. Also CO 2 × temperature interaction had a significant effect on the leaf area (P = 0.029); under ambient temperature with elevated CO 2 , the leaf area was the lowest, 493.3 (±43.1) cm 2 , while under elevated temperature with elevated CO 2 , the leaf area was the highest, 979.8 (±77.7) cm 2 . Under ambient temperature with ambient CO 2 and elevated temperature with ambient CO 2 , the leaf areas were 621.8 (±61.0) cm 2 and 805.5 (±61.2) cm 2 , respectively. In general, elevation in temperature significantly increased the leaf area (P < 0.001). Defoliation induced a near significant trend in the root: shoot ratio (P = 0.064). The higher the defoliation level was the lower the root: shoot ratios tended to be (Fig. 4) . However, the estimated trend was positive in unfertilized seedlings under ambient temperature with ambient CO 2 . Typically, fertilizing lowered the root: shoot ratios, and the effect was depended on the climate treatment (CO 2 × temperature × fertilization; P = 0.032, Fig. 4) . The highest ratios were recorded in unfertilized seedlings under ambient temperature with elevated CO 2 , and the lowest ratios in fertilized seedlings under elevated temperature with ambient CO 2 . In general, elevation in temperature decreased the ratios (P < 0.001, Fig. 4 ), while elevation in CO 2 increased them (P = 0.008, Fig. 4 ).
Discussion
Less than half of the silver birch seedlings overwintered without death or damage, and nearly 60% died during the winter or suffered from broken stems. It seems that none of the explanatory variables clearly accounted for the cause leading to stem breakage or winterkill. However, it is typical that overwinter mortality rates are high in the early seedling years of birches due to compromised energy reserves, or incomplete preparation against frost including poor shoot lignification during autumn (Moura et al. 2010; Renou-Wilson et al. 2010) .
Among those silver birch seedlings that survived through the winter, the annual height increment was the greatest in the plants that were subjected to elevated temperature with ambient CO 2 , fertilized and defoliated twice by 50% of total leaf area. The second greatest height gain was recorded in seedlings that grew under the same climate and fertilizer treatments, but were defoliated once by 75%. The height gain was also high in plants that grew under elevated CO 2 with elevated or ambient temperature, and were both fertilized and defoliated by 75% of total leaf area (Fig. 3) . These responses are in accordance with previous findings; for example Handa et al. (2005) reported that defoliated conifers under free air CO 2 enrichment prioritized the production of needles and consequently over-compensated their height growth. Typically, elevated temperature or CO 2 enhances growth by accelerating carbon assimilation (Riikonen et al. 2005; Mäenpää et al. 2011 ) and stimulating both cell production and expansion (Riikonen et al. 2010; Mäenpää et al. 2011 ). Defoliation and fertilizing have similar effects on trees; they both enhance photosynthesis, which increases carbohydrate availability for the growing organs (Huttunen et al. 2007; Turnbull et al. 2007; Maier et al. 2008) . On the other hand, the effect of defoliation was dependent on the frequency and level of damage (Tuomi et al. 1989; Saravesi et al. 2008) . Trees that repeatedly lose foliage but re-foliate during the same season are forced to compromise their nutrient and energy reserves; this affects their growth in the following season (Kaitaniemi et al. 1999; Landhäusser and Liefferes 2012) , and explains lower height increment in seedlings that were defoliated twice by 25% compared with seedlings that were defoliated once by 75%. Also the timing of defoliation affects the growth; it seems that single late-season defoliation inflicts over-compensated height growth in most silver birch seedlings in the following year. In late season, plant growth terminates naturally by declining day length, and demand for assimilates in aboveground plant parts decreases. Since foliage damage intensifies photosynthesis in remaining leaves (Huttunen et al. 2007; Turnbull et al. 2007 ), the surplus assimilates are possibly directed to storage organs having a positive influence on growth in the season following defoliation (Huttunen et al. 2013 ).
Irrespective of defoliation treatment, total biomass was the highest in fertilized birch seedlings, or seedlings that were subjected to elevated temperature. Here, potential indicators for the increased biomass are increased leaf production, branching and stem diameter growth, which are typically enhanced by ample nutrient availability or elevated temperature due to stimulated metabolism in aboveground organs (Niinemets et al. 2002; Huttunen et al. 2007 ). Namely, it has been found that leaf dry mass strongly correlates with sapwood area indicating that increased vaporization and water requirements in shoots increase conducting tissue and thus diameter and mass in stem (Kaufmann and Troendle 1981) . Furthermore, as total biomass, the photosynthetically active leaf area of birch seedlings increased by fertilization, or by temperature elevation; increase in leaf area is a typical response to increased nutrients and warmth for many tree species (Maier et al. 2008; Mäenpää et al. 2011; Kleczewski et al. 2012) .
Ample nutrients and elevated temperature clearly decreased the root: shoot ratios of seedlings (Fig. 4; Ericsson 1995; Kuokkanen et al. 2004; Kleczewski et al. 2012) . Also defoliation singly tended to cause a decrease in the ratio. In both defoliated seedlings and seedlings that grew under elevated temperature with high nutrients, increased shoot growth versus reduced root growth is in accordance with the optimal partitioning theory that predicts increased allocation of resources into those plant organs that provide the most growth limiting resources (Kobe et al. 2010) . Resource allocation towards shoots in defoliated seedlings, or in seedlings under high nutrients and temperature supports the assumption that under these conditions assimilated carbon and light have become growth limiting factors (Tilman 1990) . If global warming increases abundance of insect herbivores (Jepsen et al. 2011) , or nutrient availability by accelerating mineralization rates or enhancing atmospheric nitrogen deposition (Galloway et al. 2004; Verburg 2005) , the net effect in silver birch seedlings is to shift resource allocation toward shoot growth and away from root growth ( Fig. 4 ; Kleczewski et al. 2012 ). It would not be surprising if there were some general adverse consequences for plants with low root: shoot ratios. For example, roots function as carbohydrate storage organs (Scott 2008) , so there could be limits on energetic reserves. Shallow root systems may also diminish the ability to tolerate dry periods, which can increase the risk of plant mortality. However, elevated CO 2 increased the root: shoot ratios of the birch seedlings. This goes along with previous findings in paper birch (Betula papyrifera Marsh.) and trembling aspen (Populus tremuloides Michx.); under elevated CO 2 , these tree species increased significantly their root mass (King et al. 2001) , which is explained by accelerated carbon assimilation and allocation into roots (Riikonen et al. 2005) . This tendency has possibly affected the root: shoot ratios of silver birch seedlings; the increased amounts of photosynthates, such as sucrose, glucose and fructose, provide substrates for insoluble cell wall components cellulose, hemicellulose, pectin and lignin increasing potential for root mass growth (Gibson 2012) .
Silver birch seedlings that survived through the winter displayed an impressive general capability to recover from defoliation and compensate the height growth at nutrient rich soil under elevated temperature with both ambient and elevated CO 2 . These responses imply that increased folivory does not necessarily lead to decreased NPP under changing climate. However, the lowest root: shoot ratios were recorded in seedlings that grew with increased levels of nutrients and elevated temperature, or in seedlings that were defoliated, while the ratios were the highest in seedlings that were subjected to elevated CO 2 with low nutrients; these responses give support for the optimal partitioning theory.
Although earlier reports point out that artificial defoliation may not include all the effects on plant responses compared with real insect defoliation (Straus and Agrawal 1999), we used this form of damage to standardize the tissue loss with greater precision than could be achieved using real herbivores. Also the conditions during the winter months may not represent the conditions that seedlings would have experienced if both temperature and CO 2 concentration increased as anticipated. Nevertheless, survived birch seedlings were dormant and therefore the winter may not greatly have confounded the results. To conclude, it seems that the main components affecting recovery of silver birch seedlings are the timing and severity of foliage damage, which determine the magnitude of growth compensation within the limits of resource availability and climate conditions.
